This review explores particle resuspension from surfaces due to fluid flows. The objective of this review is to provide a general framework and terminology for particle resuspension while highlighting the future developments needed to deepen our understanding of these phenomena. For that purpose, the manuscript is organized with respect to three mechanisms identified in particle resuspension, namely: the incipient motion of particles (i.e. how particles are set in motion), their migration on the surface (i.e. rolling or sliding motion) and their re-entrainment in the flow (i.e. their motion in the near-wall region after detachment). Recent measurements and simulations of particle resuspension are used to underline our current understanding of each mechanism for particle resuspension. These selected examples also highlight the limitations in the present knowledge of particle resuspension, while providing insights into future developments that need to be addressed. In particular, the paper addresses the issue of adhesion forces between complex surfaceswhere more detailed characterizations of adhesion force distributions are needed -and the issue of particle sliding/rolling motion on the surface -which can lead to particles halting/being trapped in regions with high adhesion forces.
1. Introduction
Particle resuspension phenomena
Particle resuspension is concerned with how particles adhering to a surface are detached from a surface and re-entrained into the flow. As emphasized in recent reviews [8, 27, 32, 90] , it has received renewed attention over the recent years due to its key role in a number of applications, including:
• environmental issues, with for instance dust resuspension by wind [4, 49, 15] or sediment dynamics [14] ;
• medical applications, where resuspension of hazardous airborne particles can occur through walkinginduced resuspension [50] or due to ventilation systems [47] ;
• industrial concern, such as with the re-entrainment of radioactive particles in nuclear power plant accidents [79] .
This brief non-exhaustive list shows that resuspension affects a large variety of fields with a large spectrum of spatial or temporal scales. It can indeed involve particles with different sizes such as small colloidal particles (in the micrometer scale such as bacteria), suspended particles (within the millimeter scale as silt or sand) or even large inertial particles (such as stones). Meanwhile, the timescales associated to resuspension span several order of magnitude: for example, in the context of aerosol resuspension, a distinction is made between short-term and long-term resuspension (see for instance [10, 30, 74] ). Shortterm resuspension is characterized by the detachment of particles that are weakly bounded to the surface and can occur within a couple of seconds, whereas long-term resuspension involves particles that strongly adhere to the surface and can take place at much longer times (up to months or even years in the context of radioactive aerosol particles). Particle resuspension displays different behavior depending on the nature and morphology of the deposit formed [32, 49, 82] . In particular, a distinction is often made between two states, namely monolayer resuspension -where single particles are resuspended from a surface covered by a small amount of deposits such that interaction between particles is negligible -and multilayer resuspension -where particles form a complex multilayered structure such that inter-particle interactions significantly affect resuspension. The case of multilayer resuspension involves issues that are similar to those in granular media.
These selected examples also highlight that particle resuspension is a highly multidisciplinary topic. It involves indeed notions related to fluid dynamics (since resuspension changes with the flow above the : Sketch summarizing the terminology used in the present paper for particle resuspension surface), to interface forces (high sticking forces can prevent resuspension), to material physics (roughness on surfaces can significantly change the resuspension rate of particles) or to more specific fields depending on the case considered (biological forces affect the sticking of organisms/cells on a surface while capillary forces occur in humidic environments).
Terminology
Due to the various fields affected by resuspension, the terminology related to particle resuspension varies. This sometimes leads to confusion regarding the mechanisms at play in resuspension. To avoid such confusion, the key notions that will be used throughout the paper are defined in the following.
(def-a) Sticking/deposited/adhering particles correspond to particles that are in contact with the surface at a given location (no motion). (def-b) Attached particles are particles in contact with the surface but that can be moving (it thus encompasses sticking particles). (def-c) Detached particles refers to the case of attached particles whose contact with the surface has been broken. (def-d) Adhesion forces refer to the contact forces between a particle and a surface. (def-e) Cohesion forces designate the contact forces between particles.
Apart from these fundamental definitions, the following terminology will be used regarding particle resuspension specifically (see also Fig. 1 ):
(def-1) Particle incipient motion refers to the rupture of the balance between adhesive and moving forces that leads to the motion of sticking particles. The dislodgement of sticking particles triggers their motion either on the surface (attached particles) or in the flow (detached particles). (def-2) Particle migration is related to the motion of attached particles until it is actually detached from the surface. (def-3) Particle re-entrainment refers to the motion of particles after detachment, i.e. in the near-wall region. (def-4) Particle resuspension is a generic term that encompasses all three phenomena (i.e. detachment, migration and re-entrainment).
These definitions allow to distinguish between attached and detached particles while making a clearer distinction between the three mechanisms at play in particle resuspension (i.e. incipient motion, migration and re-entrainment). They remain broad enough to encompass phenomena that have been observed in other fields impacted by resuspension. For instance, in the context of geological flows, abrasion refers to the erosion of a surface by exposure to scraping or other mechanical constraints on the surface: it can thus be interpreted here as a specific case of particle detachment. Another example can be drawn from aeolian transport where different modes for the transport of soil particles (such as sand or dust) have been identified among which saltation and creep [49] . Saltation occurs for small materials which display leap-type motion, i.e. they are detached from the surface then carried by the flow before being transported back to the surface. Meanwhile, creep corresponds to the rolling or sliding motion of large particles downstream while staying in contact with the surface. According to the previous definitions, saltation corresponds to a specific situation of particle re-entrainment where sedimentation brings materials back to the surface within a certain finite time. Creep corresponds to a specific situation encountered in particle migration.
Purpose of the paper
With respect to these definitions, the aim of the present paper is to detail our current understanding of the mechanisms related to particle incipient motion, migration and re-entrainment. Since recent reviews have thoroughly described existing models and experimental data (see [32, 60] and references therein), this paper is focused on the physical and theoretical aspects of particle resuspension. Through a set of wellchosen examples, the main limitations of our current understanding of particle resuspension are highlighted. A careful analysis of these examples also provides insights into future experimental/numerical developments that are needed to deepen our understanding of the resuspension phenomenon as well as to refine existing models.
For that purpose, the paper is divided in four sections. Section 2 briefly presents the typical forces acting on a particle sticking to a surface. Then, the rest of the paper is organised with respect to the three main mechanisms for particle resuspension. The incipient motion of particle is first analyzed in Section 3, where the rupture of balance between adhering and moving forces is examined. Then, the dynamics of particles moving on a surface is presented in Section 4 with a specific emphasis on the role of particles rolling/sliding on the surface since such particles can possibly come to rest on the surface. Section 5 explores the subsequent case of re-entrained particles and their motion in the near-wall region.
Physics of particle suspensions: fundamental equations and forces
Particles deposited on a surface exposed to a fluid flow are subject to a variety of forces that can act either to keep the particle attached to the surface or to detach it. Adopting a Lagrangian point of view, the governing equations for particle dynamics are obtained by applying the fundamental laws of classical mechanics giving:
with x p the particle position, U p its translational velocity, Ω p its rotational velocity, m p its mass, I p its moment of inertia, F f→p and M f→p the hydrodynamic forces and torques acting on particles, F s→p and M s→p the surface-particle forces and torques, F p→p and M p→p the particle-particle forces and torques, F ext and M ext the external forces and torques. Even though Eq. (3) is simple and exact, the difficulty comes from the fact that the expressions of the various forces acting on particles are not always straightforward or exact. In the following, we briefly summarize the key forces acting on particles attached to a surface exposed to a flow (interested readers can find more details in [8, 27, 32, 56, 59, 90, 91] ).
Particle-fluid forces
Fluid-particle forces usually include contributions from drag, lift, added-mass and Basset forces as well as Brownian motion:
• Drag forces arise from the friction due to the relative velocity between the fluid and particle velocities. These forces are thus proportional to the relative velocity and to the fluid viscosity. For instance, in the case of spherical particles with a size much smaller than the characteristic scales associated to the fluid (point-particle approximation), the drag force can be approximated by a modified Stokes drag force [13, 25, 56] :
with R p the particle radius, ρ f the density of the fluid, ν f its kinematic viscosity and U f its velocity (approximated here by the velocity at the particle position without Faxen's corrections for large particles [13, 25, 56] ). f is a correction factor which includes corrections for fluid inertia and for fluid anisotropy. The anisotropy of the fluid flow in the near-wall region gives rise to different components of the drag in the wall-normal and wall-tangential directions and, as a result, to a non-zero torque force [64] .
• Lift forces correspond to the force exerted by the fluid flow in the direction perpendicular to the oncoming flow direction (contrary to the drag forces that act along the direction of the relative velocity). The lift force depends on the relative velocity between the particle and the fluid (Saffman lift force) and on the particle rotation rate (Magnus force) [56] . As for drag forces, several analytical/empirical formulas have been expressed in the literature and there is no consensus on an exact formulation. For instance, empirical formulas have been written for particles in a fully developed turbulent boundary layer [30, 61] , which reads:
with α and β two constants and Re p the particle-based Reynolds number.
• Added-mass forces are associated to the additional force that is needed to accelerate/decelerate a body immersed in a dense fluid due to the fact that the body also moves some of the nearby surrounding fluid as it moves through it. The added-mass force is usually expressed with an added-mass coefficient C A (taken simply as C A = 1/2) and is a function of the difference between the acceleration of the fluid and the particle acceleration:
The added-mass force is an unsteady force due to changes in the nearby fluid velocity. It contributes to the dynamics of small particles with a density close to the fluid density ρ p ∼ ρ f but it is negligible compared to drag forces for particles much heavier than the fluid ρ p ρ f .
• Basset history forces are related to the response of the fluid boundary layer to an acceleration of the relative velocity. Due to viscous effects, there is indeed a temporal delay in the development of the boundary layer around a particle when the relative velocity changes, resulting in a 'history' effect. Approximate expressions have been found for a spherical particle in the bulk flow at low Reynolds number [6] :
• Buoyancy forces are associated to the density difference between the fluid and the particle, which gives an acceleration:
Buoyancy forces are thus related to gravity forces: these forces play a role in the dynamics of suspended particles but are negligible compared to Brownian motion for colloidal particles.
• Brownian motion corresponds to the random motion of particles suspended in a fluid due to their collision with molecules of the fluid. A usual and straightforward way to include Brownian motion in a particle equation of motion is to add a white noise term. Neglecting other contributions, this gives the following Langevin equation (more details in [32, 59] ):
where K Br is the diffusion coefficient for Brownian motion and dW i is the increment of a Wiener process (independent noise terms). Accounting for Brownian motion is relevant when dealing with colloidal particles, i.e. particles that are small enough to be affected by molecular effects (usually R p 1 µm), but is negligible for suspended or larger particles compared to gravity forces.
Particle-surface forces
Particle-surface forces are related to the interaction between two bodies in contact. In the case of solid particles attached to a surface, these forces are often dominated by short-range adhesion forces but long-range interactions sometimes need to be taken into account.
• Adhesion of solids arise from short-ranged intermolecular interactions between the molecules composing each solid. These forces can be calculated using various models, which are based on two different methods (see [41, 32, 69] for more details): those based on van der Waals attractive forces [31] and those based on contact mechanics theories (such as JKR [44] or DMT [16] theories). The former models describe adhesion as the short-range attractive force between surfaces at very close separation distances due to van der Waals forces (additional terms such as electric double-layer forces, solvation forces, hydrophobic or steric forces can be added to treat systems where such contributions are not negligible). The latter models consider the elastic response of the two bodies in contact, i.e. their deformation, and are based on the surface energy of each body. Both approaches provide an expression for the adhesion force between an spherical particle and a plate that can be written as:
with e ⊥ the wall-normal vector and g a function of the Hamaker constant and separation distance for models based on van der Waals interaction or a function of the surface energies for models based on contact mechanics theories.
Adhesion can be significantly modified in humid environment. In that case, a liquid meniscus can form around the contact area between the particle and the surface due to the condensation of water, resulting in an additional capillary force (as in [38, 89] ). Similarly, specific bindings between surfaces can occur when dealing with biological or organic particles such as marine organisms that accumulate on a ship's hull [5] : this includes hydrophobic/electrostatic forces for bacteria adhesion on surfaces or polymer tethering on surfaces to reduce protein adsorption (see also [41] for an overview of such specific forces).
• Long-range interactions can occur in specific situations. For instance, magnetic interactions between particles and surfaces arise between magnetic materials [75] while electrostatic interactions can be significant when dealing with charged particles in air [89] .
• A friction term results from the contact between a particle and a surface. Dry friction corresponds to the force resisting the relative motion of two solid surfaces in contact. It is thus an energy dissipating force and is part of the science of tribology (interested readers can find more details in [41, 65, 66] ). This force arise from a combination of various components, including the effects of adhesion forces, surface roughness and surface deformation. It is usually decomposed as a static friction coefficient µ s (when surfaces have no relative motion) and a dynamic friction coefficient µ d (when surfaces are in relative motion), which can take different values. This friction coefficient relates the wall-normal component of the forces acting on a particle to a wall-tangential force which acts to prevent the motion of this particle.
2.3. Particle-particle forces Particle-particle forces occur when two particles are in proximity of each other. These forces arise when the local concentration of particles is high enough to trigger frequent particle-particle encounters. These interactions thus play a predominant role in dense suspensions, i.e. where the concentration of particles in the solution is high (typically a volume fraction Φ 10 −3 [19] ). Such forces need to be taken into account to properly capture collision, aggregation or fragmentation events. As for particle-surface interactions, these forces can be decomposed as short-ranged and long-ranged interactions. Cohesion forces are short-ranged interactions (the counterpart of adhesion forces for two particles) often modeled using a Lennard-Jones type of potential, which includes van der Waals attractive forces and Pauli repulsion forces (more details can be found in [35, 52] ). Short-ranged electrostatic double-layer interactions are added for charged particles immersed in a liquid while steric forces are needed when dealing with suspensions in polymeric fluids [41] . Capillary forces can significantly modify the cohesion forces in a humid environment by creating liquid bridges around the contact area between particles. Long-range interactions can include contributions from electric or magnetic forces in the case of charged/magnetic particles.
External forces
External forces may play a role in specific situations, including for example in the presence of an external electric/magnetic field. These forces are left out of the present paper.
Incipient motion: a balance between adhering and moving forces
The present section is concerned with presenting how the forces/torques mentioned previously can actually set a particle in motion.
Initial motion: rupture of static equilibrium
A particle sticking on a surface has no translational/rotational motion, i.e. U p = 0 and Ω p = 0, such that Eq. (3) becomes a simple balance equation. This means that adhering particles can start moving when the balance between forces and/or torques is ruptured. It is commonly inferred in the literature that the static equilibrium of a particle sticking on a surface can be broken through three possible mechanisms [85] : direct lift-off, rolling or sliding. In the following, the case of heavy solid particles is considered (such that added mass forces are negligible) and only adhesion forces are retained for inter-surface interactions (as depicted in Fig. 2 ). Further neglecting Basset forces for simplification, the equations for the incipient motion reduce to:
Sliding
where the torques are calculated with respect to the pivot point labeled 'P' in Fig. 2 . It appears from this brief overview of the forces acting on particles that the relative importance of each force depends on the situation considered (particle size, fluid velocity, nature of surfaces, etc.). For instance, Sketch of a particle sticking to a surface exposed to a flow showing the key forces acting on the particle: a) particle sticking to a clean surface; b) particle sticking on a multilayered deposit.
considering the simple case of a particle adhering to a surface exposed to a flow, the incipient motion occurs at lower velocities for large particles since the adhesion torque roughly increases with R p while drag torques are proportional to R 2 p . Recent measurement of particle resuspension have also shown that Basset history forces can play a role in the case of large particles with a density close to the fluid density [83] .
It is worth noting here that lift-off actually results in immediate particle detachment from the surface whereas rolling and sliding motion give rise to particle migration on the surface: this is also summarised in Fig. 1 which underlines these two main roads that lead to particle detachment from a surface. The relative importance of these various mechanisms has been shown to depend on the situation considered [70, 71] . In particular, it was underlined in a recent review [32] that the resuspension of solid spherical particles in a turbulent flow depends on the particle size: small particles fully embedded in the viscous sublayer tend to be rolling on the surface while particles protruding from the viscous sublayer can interact with nearwall coherent structures leading to more frequent direct lift-off. Yet, there is no data showing the relative importance of these mechanisms as a function of the experimental set-up (particle size, fluid velocity, etc.). Such information will be useful to validate existing models for particle resuspension as well as to confirm the range of validity of this scenario for incipient motion. A simulation has been performed using a recent model for particle resuspension [33] that has been extended to account for all possible incipient motions: numerical results shown in Fig. 3 illustrate that particles remain on the surface for very small velocities but start to move as the velocity increases (first rolling then sliding) before lifting motion completely dominate the incipient motion at large velocities. Similar results are expected when the size of the particles is increased at a constant velocity, with the exception that gravity will prevent the motion of very large particles (millimetersized or higher depending on the fluid flow).
Direction for future studies
In the following, the limitations of our current understanding of incipient motions are presented together with tentative ideas for future experimental/numerical studies that, in the author's opinion, can deepen our current understanding.
Adhesion forces: the role of complex geometries
Real surfaces differ from ideal smooth surfaces and usually exhibit heterogeneities such as roughness. This results in different torques since the pivot point depends on the locations of particle-surface contacts. Such surface heterogeneities strongly affect adhesion forces and thus incipient motion, as in [77] . More precisely, their effect on adhesion forces is two-fold:
1. the presence of small-scale features (in the nanometer range) protruding from the surface have been shown to significantly reduce the adhesion force by increasing the separation distance between the core of the two bodies (see for instance [72, 73] ). Such lower adhesion forces, which can be several orders of magnitude smaller than the adhesion between smooth surfaces, are responsible for incipient motion at much lower fluid velocities. 2. the chaotic nature of rough surfaces leads to broad distributions in the adhesion forces. Such variations of the adhesion force is due to the varying number and location of asperities interacting together when rough surfaces are brought in contact and to the different sizes of these surface features. In particular, recent measurements of adhesion forces and resuspension with rough surfaces have shown that the distributions can display different shapes including (see also Fig. 4 ): Gaussian distributions [68] , log-normal distributions [26] , Weibull distributions [26] two-peaks or more complex multiple-peaks distributions [3, 7] .
Since distributions in adhesion force have no general forms, it is hard to assume a given form right from the onset. For that reason, there is an increasing literature on experimental measurements of adhesion forces between complex surfaces. Besides specific adhesion models have been recently designed to capture the effect of surface roughness on adhesion forces. Regardless of the physical model retained for the description of adhesion (i.e. based on contact mechanics theories or van der Waals forces), these models account for surface roughness either using very detailed representations (such as Fourier transform or fractal surfaces) [42] or using simplified representations where asperities are randomly placed on a smooth surface [73] . Then, the interaction between such rough surfaces is calculated numerically (more details on such models for rough surfaces can be found in [18, 69] and references therein).
In the context of particle resuspension, two kind of models exist: those based on a given distribution of adhesion force (usually taken from experimental data or assuming a given shape of the distribution) [74] and those based on a calculation of this distribution (using adhesion models and measurements of surface roughness characteristics) [29, 33] . Both models have been shown to provide accurate predictions of the overall shape of the resuspension rate, especially of u * 50 (the friction velocity at which 50 % of the particles are resuspended), provided that the proper forces are accounted for. Yet, these models tend to overestimate the resuspension rate at high friction velocities (see [34, 88] ). This discrepancy has been attributed to the tail of adhesion forces which governs the resuspension at high friction velocities since poorly adhering particles are resuspended at smaller friction velocities [34] .
To go beyond these current limitations, more detailed characterizations of surface roughness and its effect on adhesion forces are needed. For that purpose, new systematic measurements of surface roughness, adhesion forces and incipient motion altogether should be performed with a specific attention on rare events. Recent advances in experimental techniques (using AFM or SEM) have opened new possibilities to obtain precise 2D or 3D images of the surface profile (interested readers can find more details in [86] ). Yet, surface roughness is usually characterized using simple parameters which provide only a limited amount of information (mostly averaged values such as the rms roughness). Besides, this information is extracted assuming spatially homogeneous surfaces and, thus, do not include characteristics on rare local heterogeneities. To obtain more detailed predictions with adhesion models, information on the whole distribution of both the curvature radii (i.e. the local curvature of surface features) and their spatial correlations (i.e. surface coverage) is needed [34] . In the author's opinion, such detailed information can actually be extracted from surface profile measurements using proper tools (based for instance on a Fourier analysis), as was done recently in [68] . Scanning larger portions of the surface will also provide insights into both uniform regions (i.e. statistically homogeneous) and irregular regions (such as isolated large roughness features).
Such refined characterizations will help in designing refined numerical models and will open the way for more systematic studies of long-term resuspension, which is highly affected by rare extreme events that take place on longer times (and usually involve highly energetic events).
Cohesion forces: the role of complex deposits
Another challenge that needs to be tackled is related to the complex morphologies of the deposit formed by the accumulation of particles on a surface. As depicted in Fig. 2b , particles deposited on top of the multilayered structures are partially exposed to the fluid flow and these particles are in contact with several other particles forming this bed. The randomness of inter-particle contacts leads to a broad distribution in cohesion forces. In that sense, complex morphologies affect cohesion forces and torques for all range of particle sizes in a similar way to how surface roughness impacts adhesion forces. Besides, this complex morphology also impacts the torques of all forces acting on the particle due to the arbitrary position of the pivot point. The presence of surface roughness on particles can add further complexity (by lowering cohesion forces and changing the positions of contacts) but this will be left out of the present discussion.
To accurately reproduce numerically the incipient motion of such complex deposits, it is necessary to take into account the morphology of the deposit formed (see recent models as in [24, 40] ). The key idea of these simulations is to generate a multilayered deposit representative of real deposits and, then, to expose it to a flow. Yet, several difficulties arise when doing such simulations:
• the deposit structure is not necessarily fully characterized. The morphology is indeed a direct consequence of how particles accumulate on a surface. In the case of large/heavy particles such as stones, compact deposits are formed since gravity favors the motion of particles until reaching mechanically stable positions, i.e. with isostatic constraints (such as on flat areas or on regions with three contacts). For colloidal particles, cohesion forces dominate over gravity forces and the resulting morphology depends on the deposition scenario [35] : loose structures occur when colloids deposit on the multilayered structure at the point of impact whereas more compact structures are obtained when colloids can move until reaching more stable positions.
• the structure of the deposit also affects the hydrodynamic forces acting on each particle. Particles inside the multilayered deposit are indeed sheltered by other particles whereas particles protruding from the mean bed elevation are only partially exposed to the fluid flow (see also Fig. 5 ). This reinforce the anisotropy of the fluid flow around deposited particles and thus changes the corresponding hydrodynamic forces.
Velocity profile
Average elevation Figure 5 : Sketch of a multilayered deposit exposed to a fluid flow: darker particles constitute clusters of particles that can be resuspended.
• incipient motion can involve clusters of particles, especially in the case of polydispersed suspensions as illustrated in Fig. 5 . This is due to the lower cohesion forces occurring between small particles than between large ones. As a result, the contact will be broken along regions of low adhesion forces where the force/torque balance is ruptured. This adds further complexity in numerical simulations since incipient motion of a particle requires knowledge of the cohesion forces and torques in nearby regions and not only around the particle.
• cohesion forces are not always constant in time. In the case of solid particles, aging effects such as sintering can lead to an increase in the cohesion forces with time [1, 22] . Sintering occurs at high temperature and leads to the creation of stronger bonds between contacting particles due to the precipitation occurring preferentially near the contact area between surfaces. Such modifications of particle bond energies with time are generally referred to as 'consolidation' processes and have been shown to be responsible for lower resuspension rates on heated surfaces after long exposure time [1] . When occurring, these consolidation effects thus have a profound impact on long-term resuspension.
In the case of alpine snow, higher temperature lead to snow melting and the resulting higher water content decreases the cohesion forces in snow: this process is responsible for wet loose-snow avalanches [58] .
Despite these limitations, fine Lagrangian simulations have confirmed the role played by the deposit morphology in multilayer resuspension [40] . Yet, these simulations were limited to a small number of particles due to the high computational costs associated with the calculation of the cohesion forces in a cluster and of the hydrodynamic forces acting on each particle (which is partially/totally shielded by other particles depending on its position). More systematic studies of the incipient motion in such multilayered systems are still needed experimentally to confirm the impact of the deposit morphology.
Particle shape: effect of non-sphericity
Real particles do not necessarily have a spherical shape and often display complex shapes such as rodshaped biological agents [11] . In that case, the anisotropy in the particle shape induces hydrodynamic forces that depend on the direction considered and results in complex rotational motions. For that reason, the orientation of non-spherical particles plays a key role in their dynamics. Even though the dynamics and orientation of rigid non-spherical particles has been characterized experimentally and numerically in turbulent flows (more details in [84] and references therein), their adhesion and resuspension from surfaces has been seldom studied in the literature [11, 80] .
The incipient motion of non-spherical particles on a surface differ from spherical particles due to different hydrodynamic and adhesion forces. In the case of rod-like particles, The expressions for these hydrodynamic and adhesion forces have been discussed in a recent review in the case of rod-like particles [11] while other studies have explored the simplified case of hemispherical particles [80] . It was underlined that both adhesion and hydrodynamic forces depend on the orientation of the particle with respect to the underlying surface: particles with their major axis oriented parallel to the surface encounter higher adhesion forces and torques whereas particles with their major axis perpendicular to the surface are subject to higher hydrodynamic forces. This implies that the incipient motion of non-spherical particles depends on both the orientation with respect to the surface and to the direction of the flow.
New experimental and numerical studies are required to investigate what is exactly the effect of nonsphericity on the incipient motion of particles. In the author's opinion, recent advances in image processing techniques [2] can help in designing experimental setup with non-spherical particles. The use of markers on particles coupled with appropriate detection tools provides access to both translational and rotational motion. Such measurements of the initial particle motion can deepen our understanding of the resuspension of complex-shaped particles, especially regarding the frequency of direct lift-off compared to rolling/sliding. This will also provide valuable data for the development and validation of adequate models.
Particle shape: effect of flexibility
Besides having a complex shape, some particles are flexible: this is the case for instance of fibers [53] , polymers or DNA [76] . The difficulty in dealing with deformable particles lies in the fact that the number of degrees of freedom needed to describe such systems is large. Flexibility thus give rise to a wide range of possible scenarios for the adhesion of deformable particles on a surface: this is illustrated in Fig. 6a which displays a polymer in contact with the surface. A polymer can only partially adhere to the surface, i.e. that contact with the surface only occurs on certain portions of the polymer with the remaining parts forming arches above the surface. Therefore, the adhesion force between a polymer and a surface significantly depends on the contact configuration, i.e. the size of the portion actually in contact with the surface and their orientation. Recent advances in experimental techniques now provide access to such measurements by grafting the end of a polymer to an AFM and pulling it away from the surface [28] : observations showed that desorption changes according to the pulling angle (see Fig. 6b ).
In the author's opinion, such procedures should be adapted to the case of larger particles and used to provide systematic and precise data on the adhesion between flexible particles and surfaces. These techniques should also be coupled with proper real-time optical measurements of the particle shape to be able to record the contact configuration between such flexible particles and surfaces. This will indeed deepen our understanding of the effect of flexibility on adhesion. Such data will also help designing fine models to capture such intricate adhesion regimes, using for instance discretization techniques where a flexible particle is represented as a chain of ellipsoids [21] . 
Particle migration and detachment: dynamics of particles on the surface

Rolling and sliding motion
Once the balance between forces/torques is ruptured, a particle is dislodged from its initial sticking position on the surface. Yet, except in the case of lifting motion (where the particle is immediately detached from the surface), the contact with the surface is not broken and the particle starts rolling/sliding on the surface. Particles can then roll/slide for a certain time before being lifted-off the surface as observed sometimes in [46] . This means that the incipient motion of a particle is not strictly speaking equal to resuspension (unless all particles are detached by direct lift-off). In the following, we detail the dynamics of attached particles as they move along the surface: a. Rolling motion occur when the torque balance acting on a particle is ruptured. Once rolling motion starts, the dynamics of a rolling particle is simply given by:
Such rolling motion has been confirmed by various experimental measurements on small colloidal/suspended particles (see [32, 48] and references therein): it is illustrated in Fig. 7 which shows the motion of a glass bead on a substrate made of smaller spheres [2] . In agreement with theoretical expectations from Eq. (15), Fig. 7 shows that a rolling particle can increase (resp. decrease) its rotational velocity Ω p when torques acting to move the particle exceed (resp. are lower than) torques acting to prevent its motion. As a result, the translational and rotational velocities of rolling particles are not constant and change according to the balance of torques. Furthermore, in the case of rough surfaces, these velocities fluctuate very rapidly since the chaotic nature of roughness leads to rapidly changing forces/torques [33] . More precisely, considering the case of colloids, the adhesion force on a rough surface can be totally different for a displacement as small as a few percent of the particle diameter.
b. Sliding motion occur when the force balance acting on a particle is ruptured. Once sliding motion starts, the dynamics of a sliding particle is given by:
Several experimental studies on colloidal particles have shown that rolling and/or sliding motion can occur (as in [37, 38] ) but these measurements do not allow to distinguish between rolling and sliding.
Similarly, large particles (such as sand with a diameter > 500 µm) usually undergo creeping motion, i.e. rolling or sliding motion along the surface [4, 49] . The sliding velocity of such particles is also expected to change with the intensity of hydrodynamic/adhesion/gravity forces acting on particles.
Detachment from the surface
As a particle moves on a surface, it can be detached from the surface in two ways:
• through direct lift-off (hydrodynamic effects). This occurs when the particle interacts with near-wall fluid structures (see [67, 78] and references therein). Turbulent boundary layers are indeed characterized by the existence of near-wall coherent structures, which can be loosely defined as regions of the fluid exhibiting a certain order in space and time. A particle protruding from the viscous sublayer can interact with such high-velocities structures leading to its detachment when the lift force overcomes the forces preventing its detachment (adhesion, etc.). Resuspension caused by such near-wall fluid structures is often referred to as 'burst-type resuspension'.
• through rocking events (mechanical effects). This corresponds to the case when detachment is triggered by an encounter with a specific surface feature (such as a large-scale asperity or another deposited particle) [29] .
The intricate coupling between particle migration on the surface and particle detachment from it are relatively new topics and need to be further characterized, especially to assess if the frequency of interactions with such coherent structures changes when particles are moving on the surface. Even though rolling and sliding motion have been confirmed to play a role in particle resuspension, their exact role and importance in resuspension scenarios is not fully understood. This is due to the fact that making a distinction between rolling and sliding motion was not an easy task experimentally while it is actually key in estimating the relative importance of both mechanisms. Such a distinction is now possible using recent image processing techniques coupled with markers on particle surfaces [2] (see also Fig. 7 ). For these reasons, experiments need to be conducted using such techniques to extract the proportion of particles undergoing rolling/sliding motion for a wide range of particle sizes. Apart from providing information on the relative importance of both mechanisms for a set of experimental conditions, such measurements will also give access to the major particle characteristics including: their rotational/translational velocity, the time and distance traveled between their incipient motion and their detachment. Some insights of these characteristics have been provided in a recent study of particle motion on an engineered surface (with nanoscale features) [45] : using a velocity-based criterion to identify rolling motion, 1 µm particles were shown to be able to travel distance roughly a hundred times larger than their diameter. The issue is then to see if particles can also travel such large distances on usual real surfaces.
In the author's opinion, these characteristics on the dynamics of particles should be properly captured by refined models due to their potential impact on particle detachment (see previous section). Besides, the distinction between detached particles and particles moving on a surface raises new questions regarding the accuracy of previous measurements of particle resuspension: the number of particles remaining on a certain region of the surface was indeed counted from optical measurements but there is thus no distinction made between detached particles and particles rolling/sliding out of the observation area. This would be especially true if the mean distance traveled by moving particles before actual detachment is large.
Irregular motion: potential for arrest/halt
Another aspect related to the dynamics of particles on a surface is their ability to reach regions of the surface where they can stop. From a purely conceptual point of view, this could happen both for monolayer resuspension (high adhesion regions on a surface) and for multilayer resuspension (sheltering in a hole inside a bed arrangement). Recent studies have confirmed that particles can actually stop on a surface when they encounter regions of high adhesion forces/torques [17, 45] . Yet, the frequency of occurrence of such events needs to be characterized experimentally and numerically.
To illustrate this issue, a simulation has been performed using a recent dynamic model for particle resuspension [33] considering the simple case of spherical glass particles (diameter of 40 µm) sticking on a rough glass substrate (25 nm asperities covering 1.91 % of the surface) exposed to a turbulent airflow for 1 s. Numerical results are displayed in Fig. 8 , which shows the evolution of the fraction of sticking/arrested/detached particles on the surface as a function of the friction velocity. It can be seen that the number of particles that halt in a region of high adhesion force increases with small values of the friction velocity before decreasing at higher velocities: this is due to the increasing number of rolling/sliding particles on the surface at small velocities which favors the migration of particles until they are either trapped in high adhesion regions or detached. As the velocity is further increased, particles trapped in high adhesion regions can be removed (by direct lift-off or migration+detachment motion). Nevertheless, some of the trapped particles actually remain on the surface for long times even at relatively high friction velocities (here 1 m s −1 ). In the author's opinion, deeper understanding of particle arrest is key to better understand and model long-term resuspension. Particles arrested on a surface are indeed trapped in regions where they experience high adhesion/cohesion forces and/or low hydrodynamic forces (due to sheltering). As a result, such particles will be much harder to remove from the surface and are likely to remain on the surface for a long time. Capturing their resuspension requires a precise knowledge of the force/torque distributions acting on such particles and of the occurrence of rare energetic events that can detach them (near-wall coherent structures in turbulent flows). While precise fluid simulations (such as DNS) can provide information on the near-wall structures affecting the motion of such particles, our current knowledge of the adhesion force distribution associated to arrested particles is very limited and it seems that usual distributions (Gaussian, log-normal) are not adapted to such particles. 5. Particle re-entrainment: dynamics after detachment from the surface
Dynamics in the near-wall turbulent region
Once a particle is detached from a surface, its rotational and translational motion is given by:
where the forces/torques acting on the particle are the same as those described previously in section 2 with some modifications to account for the fact that particles are now at a certain distance from the surface. In particular, particle-surface interactions are expressed as a function of the inter-surface distance including both sort-ranged and long-ranged forces. As for cohesion forces, short-range interactions are often modeled using a Lennard-Jones type of potential (with both van der Waals attractive forces and Pauli repulsion forces) and adding extra short-ranged contributions such as electrostatic double-layer interactions for charged particles in liquids or steric forces for polymeric fluids [35, 41, 52] . This topic has been extensively studied in the case of sands and dust due to its impact on the environment [49] . More precisely, different modes for the transport of soil particles have been identified for aeolian transport (see also Fig. 9 ): long-term suspension, short-term suspension, saltation, reptation and creep [49] . Saltation occurs for materials which display leap-type motion, i.e. they are detached from the surface then carried by the flow before being transported back to the surface (usually with a diameter ∼ 70 − 500µm). Upon impacting the surface, these saltating particles can eject materials present on the surface. The materials ejected by such impact can be much smaller and, due to their small size, these ejected particles will spend some time in the flow before impacting the surface again. A distinction is made between long-term suspension, i.e. particles which can remain in the atmosphere for weeks and travel thousands of kilometers (diameter 20µm such as small sand) and short-term suspension (diameter ∼ 20 − 70µm). When materials ejected by saltating particles are large (diameter 500µm), these particles quickly settle back on the surface: motion through such very short hop-off is referred to as reptation. It should be noted that reptation thus differs from creep (where particles only roll on the surface without detaching from it). These different modes for the transport of soil particles are actually related to the time such particles spend in the atmosphere before impacting the surface again. Drawing back on the definitions introduced in section 1.2, saltation (including short-term and long-term suspension) and reptation corresponds to specific situations of particle re-entrainment where sedimentation brings materials back to the surface within a certain finite time.
Particle re-entrainment has also been studied extensively in the multiphase flow community (see a recent review [78] and references therein). These studies have focused on the role of turbulent structures on the dynamics of particle transfer in the proximity of the wall. As mentioned before, boundary layers are characterized by the presence of fluid coherent structures, which can be loosely defined as regions of the fluid exhibiting a certain order in space and time. These near-wall fluid structures have been shown to significantly impact the dynamics of particles with a small relaxation time τ p , i.e. that adapt relatively quickly to changes in the fluid velocity [55, 54, 78] . In the context of aeolian particles, such materials correspond to particles undergoing long-term suspension (i.e. sand/dust with a diameter 20µm in an typical airflow). Their motion is highly correlated to the structures, i.e. that particles moving towards the surface tend to be correlated with 'sweep' structures (i.e. with a velocity directed towards the wall) while particles moving away from the wall tend to be correlated with 'ejection' structures (i.e. with a velocity directed towards the bulk of the flow). These structures thus affect the characteristics of particle impaction/deposition on surfaces: inertial particles in a sweep structure can indeed acquire enough momentum to go through the viscous sublayer and impact the surface with a relatively high kinetic energy while low-inertia particles are transported by sweep structures towards the viscous sublayer where they undergo diffusive motion (i.e. they reach the surface with a lower kinetic energy). Moreover, as mentioned previously in section 3.1, ejection structures can be responsible for lifting large particles protruding from the viscous sublayer due to the high intensity associated with such events (leading to burst-type resuspension) [32, 36] . More recent studies have also explored the re-entrainment of detached particles under complex conditions, such as a vertical impinging jet representative of the flow produced by a helicopter rotor [87] .
Direction of future studies
Multilayered systems: dynamics around complex deposits
Even though the motion of particles after detachment is fairly well characterized in the case of monolayered systems, our understanding of the dynamics of particles resuspended from multilayered systems still remains limited. Most experimental and numerical studies of particles in wall-bounded turbulent flows have been focused on the case of a smooth surface (from a hydrodynamic point of view at least). Yet, as a deposit grows on a surface, its size can becomes comparable to typical hydrodynamic scales and thus has an impact on the flow around it: this is illustrated in Fig. 10 where the recirculation can be seen in the wake of the deposit. Recent studies have shown that roughness effects on turbulent boundary layers can be characterized by two parameters (more details can be found in [43] : the roughness Reynolds number, which measures the extent of roughness interference in the viscous buffer layer, and the blockage ratio (ratio of the boundary layer thickness to the roughness height), which quantifies the effect of roughness on the logarithmic layer. It was shown that the buffer layer is modified even for roughness elements as small as a few all units. Meanwhile, the logarithmic layer is impacted by roughness when the blockage ratio is higher than 40 − 80 (∼100 µm for water flowing at 1 m s −1 ) [43] . When deposits form large-scale structures on the surface (i.e. high values of the blockage ratio), roughness not only affects small-scale local characteristics of the fluid but also its large-scale structures: in that case, the flow is actually best described by flows over obstacles. The flow over such rough surfaces is also a complex function of the roughness size and surface density (i.e. the spacing between two consecutive features): for instance, in aeolian transport, the formation and dynamics of self-organized structures such as wind ripples (dunes) results from the complex interaction between sediments and wind [49, 51] .
Despite these recent advances, the effect of rough surfaces on turbulent boundary layers is far from being understood. Among all the open issues that require further investigation (see [43] ), the effect of roughness on the fluid structures is crucial in the context of particle resuspension. In particular, it remains to be seen how the coherent structures present in boundary layers are affected by surface roughness due to their key role in the dynamics of medium-sized particles near the wall. Yet, the main difficulty is related to the wide range of scales displayed by such deposits: accumulation of particles can indeed results in largescale features on the surface while local (small-scale) variations of the deposit height are proportional to the particle size. Therefore, their effect on the spatial and temporal characteristics of coherent structures is not straightforward and can be very system-dependent. In the author's opinion, insights into the local flow structure around complex deposits can be investigated using time-resolved particle image velocimetry (PIV) and particle tracking velocimetry [36, 83] . This technique has been indeed recently shown to provide precise measurements of the resuspension and saltation of suspended particles (583 µm in diameter) in a turbulent water channel flow [36] . The interest of this technique is that it can not only provide information on the effect of deposits on near-wall coherent structures but also on the role of such structures in particle resuspension.
Saltation: outcome of re-impact on the surface
Another limitation in our current understanding of particle re-entrainment is related to saltation: saltating particles impact the surface after being re-entrained in the fluid for a certain time (which is inversely proportional to their mass). Upon colliding with the surface, various outcomes are possible (see also Fig. 11 ):
• re-deposition takes place when the saltating particle adhere again on the surface. This usually occurs when the impact energy is dissipated during the collision process. In the case of solid particles, dissipation is often related to elasto-plastic deformations of surface (interested readers are referred to the book [81] for details on impact mechanics). This process is rendered more complex when a saltating particle impacts an existing multilayered deposit since the force/energy due to the impact will propagate within the complex network of particles and dissipate either through local deformations or deposit restructuration (see also [9] ).
• rebound occurs when the impact energy is not fully dissipated by non-conservative forces (such as friction, viscous or plastic processes) and part of this energy is actually restituted to the particle (more details in [81] ). This also explains the distinction between elastic collisions, i.e. where no energy is dissipated during the collision, and inelastic collisions, i.e. where dissipation occurs. As for re-deposition, bouncing on multilayered deposits does not only depends on the first energy exchange between the saltating particle and the deposit but also on the shock-wave propagation through it and reflection at the surface [9] .
• splashing occurs when particles impact the surface with a kinetic energy high enough to move some of the materials present on the surface. This splashing has been extensively studied for sand/dust particles in the context of aeolian transport since it was shown to increase the detachment rate of large aerosols (diameter ∼ 100 µm) by a factor two [20] . These studies have also characterized what is the effect of the impact angle and the impact velocity on splashing, and especially how it affects the number of splashed elements and their angle of ejection (more details can be found in [32] ). Yet, one of the difficulties that occurs in the development of accurate theories/models for splashing is related to the possible chain reaction that results from splashing: a particle impacting a surface can lead to the resuspension of several other particles, each of those potentially playing the role of a new splashing particles. Such chain reactions are in some sense similar to the formation of loose-snow avalanche which start at a specific region and spread out as snow moves down the slope [58] .
• Impact fragmentation corresponds to the case of aggregates (composed of several particles held together by cohesion forces) which fragment upon impact on the surface. Each fragment can either deposit on the surface or bounce depending on its kinetic energy and the interaction with the surface. Impact fragmentation has been observed for structures made of colloidal particles and these studies have shown that it depends on the impact velocity, impact angle, aggregate structure and cohesion forces (see in particular [39] and references therein).
The outcome of the collision of a saltating particle on a surface thus depends on a number of parameters including those related to the impact (velocity, angle), to the particle (deformability) and to the surface (deformability, deposit structure). While the outcome of a saltating particle on a surface is well understood, the impact on multilayered structures still requires further characterizations due to the role of the complex deposit morphology. To go beyond the current understanding of saltation, there is thus a need for new detailed and systematic experimental and numerical studies. In particular, the evolution of the deposit morphology as a function of fluid (velocity, etc.) and surface properties needs to be further characterized for small colloidal particles. In the author's opinion, this could be achieved using microfluidic experiments with a suspension of small colloids as in [62] . Then, the effect of the deposit structure on splashing needs to be asserted experimentally. Such systematic experiments would also allow to assess the relative importance of the various outcomes (i.e. re-deposition, bouncing, splashing and impact fragmentation) as a function of the size of the saltating particle. It is indeed not evident whether impact-fragmentation plays a role in the case of large suspended particles while splashing effects can be negligible for colloids (due to their small kinetic energy). For example, recent studies in spray drying systems have shown that the impact of aggregates on surfaces leads to the break-up of clusters on the wall [23] . Besides, the effect of deposit restructuration needs to be further assessed in such experiments especially for colloidal particles. Re-arrangement has been indeed confirmed in the case of suspended particles: for instance, it has been estimated that density increase in alpine snow due to grain rearrangements occurs mostly through the slow creep motion of snow caused by the weight of layers above while mechanical effects only contribute to a very small portion of density increase ( [58] . Yet, it remains to be seen whether such re-arrangements also occur in the case of smaller particles (where contact force are more predominant).
Particles shape: non-sphericity and flexibility
As mentioned previously in section 3.2.3, real particles often have a non-spherical shape and some particles even deform (see section 3.2.4). As a result, both the dynamics of the center of mass of the particle and the orientation of the particle need to be studied. Recent studies have confirmed that small particles behave like tracers with translational motion matching the fluid flow and rotational motion matching the vorticity field. With the recent advances in experimental techniques and DNS simulations, rapid progress has also been made in the understanding of their dynamics and orientation in the near-wall region [84] . In particular, several studies have investigated the dynamics of rigid spheroidal particles with various aspect ratio near the wall (more details in [84] and references therein): the alignment of prolate ellipsoids was shown to follow the streamwise direction while the alignment of oblate ellipsoids depends on their inertia (with tracers aligning perpendicularly to the wall and heavy disks aligning in the spanwise direction). Yet, even with the recent advances in experimental and numerical techniques, the dynamics of flexible particles (such as fibers or polymers) still remains partially understood. This is due to the large number of parameters needed to describe such systems (due to partial folding of such elongated particles). This additional complexity calls for further experimental studies and also for numerical simulations capable of handling arbitrarily shaped particles [84] .
Besides the limitations related to the dynamics of non-spherical particles in the near-wall region, there is an ongoing need to characterize the effect of non-sphericity on the outcome of a collision with a surface. The adhesion of non-spherical particles has indeed been characterized mostly for rigid spheroids [11] but not for arbitrarily shaped particles. In particular, a flexible particle exhibits more complex interactions with a surface since it can be partially adhering to a surface (see also Fig. 6 ). As a result, one expects that its impact on a surface can produce a range of possible outcome that need to be characterized both experimentally and theoretically.
Conclusion
This review provides a general framework and terminology to address particle resuspension from surfaces, which is described in terms of three underlying mechanisms: the incipient motion of particles (i.e. how sticking particles are set in motion), the migration on the surface (through rolling or sliding motion) until detachment, the re-entrainment in the flow (i.e. their motion after detachment). For each of the three mechanisms, existing results were briefly summarized to highlight the underlying physical notions before listing the limitations in our current understanding while providing possible suggestions on how to address these issues in the near future using recent techniques.
First, the incipient motion of particles was shown to depend on the balance between forces/torques acting on particles. This balance can lead to three types of motion: direct lift-off, rolling or sliding motion. While the overall effect of the various forces at play appears to be well understood, there is an ongoing need to get more details on the exact distribution of these forces in complex environments. This includes in particular the case of adhesion forces between rough surfaces and cohesion forces in multilayered deposits since the highest values of these forces (tail of the distribution) directly impact long-term resuspension. Second, the migration of particles on a surface occurs through rolling or sliding motion until the particle is detached from the surface (either through direct lift-off or through rocking events). The role of particle migration in the overall resuspension phenomena is still not fully understood: there is indeed a need to characterize the spatial and temporal scales associated with migration before a particle actually detach from the surface. Besides, particle migration can lead to the arrest of particle in high adhesion regions. Such particles can remain trapped in these regions for very long times. It is thus crucial to investigate this issue in the near future since it can have a profound impact on long-term resuspension. Third, particle re-entrainment has been shown to display different features (short-term or long-term suspension, saltation, reptation) which depend on both the particles and near-wall fluid structures. Yet, further studies are needed to assess the relative importance between the various outcomes of saltating particles impacting a surface (i.e. re-deposition, bouncing, splashing, impact fragmentation) and how it changes with particles and fluid properties. Last, future studies are also needed to investigate the role of particle shape on resuspension: more complex dynamics are indeed expected for rigid non-spherical particles or flexible particles due to the effect of the particle shape on both adhesion and hydrodynamic forces.
In the author's opinion, such refined characterizations of the features associated to particle resuspension will help designing better modeling approaches. For instance, there is currently no general model that actually takes into account all the aspects of particle resuspension (i.e. incipient motion, migration and reentrainment including splashing and impact fragmentation effects). Besides, progress in our understanding of particle resuspension will also provide significant advances in the field of particle fouling, since the growth of materials on a surface is controlled by the balance between deposition and resuspension [23, 57, 60] .
